E ffi cient use of nitrogen has become increasingly important for both environmental and economic aspects of crop production. Chlorophyll and nitrate (NO 3 -) meters have the potential to provide a rapid in-fi eld determination of crop nitrogen (N) status that could be used to improve N use in the fi eld. While many studies have reported correlations between meter readings and laboratory results, there has been little information on the practical use of these meters in these vegetable crops. Previously, we reported a correlation between meter readings and laboratory tissue total N and NO 3 -N analyses for both meters at selected growth stages for onions, carrots, and cabbage (Westerveld et al., 2003a) . However, we have not focussed on use of these meters in the fi eld and their potential as N-monitoring tools for these vegetable crops.
SUMMARY. Nutrient management legislation has prompted an evaluation of alternative nitrogen (N) management techniques. SPAD (Soil Plant Analysis Development) chlorophyll and Cardy nitrate (NO 3
-) meters were evaluated for their potential as tissue nitrogen tests in cabbage (Brassica oleracea var. capitata), onions (Allium cepa), and carrots (Daucus carota subsp. sativus). Cabbage, carrots, and onions were grown on both organic and mineral soils in Ontario, Canada in 2000 and 2001. Nitrogen was applied at fi ve rates to cabbage and carrots and three rates to onions ranging from 0 to 200% of current provincial recommended N rates. In an additional treatment, 50% of the recommended rate was applied preplant and sidedress N applications of 40 kg·ha -1 (35.7 lb/acre) were applied when SPAD chlorophyll meter readings fell below 95 (2000) and 97% (2001) of the highest N rate treatment. Yields were generally unaffected by N rate, except in cabbage in 2000, suggesting adequate N was present in most treatments. SPAD chlorophyll meter readings were highly variable among soil types, cultivars, and years. Chlorophyll readings reached a plateau in adequately fertilized crops in many instances. Cardy readings were less variable among soil types, cultivars, and years. The relationship between N rate and sap NO 3 -N concentration was generally linear. The results suggest that the use of a well-fertilized reference plot is most appropriate for the SPAD meter on these vegetable crops, while the use of region-specifi c critical NO 3 -N concentrations was most appropriate for the Cardy NO 3 -meter. Both meters would be cost advantageous when over 500 samples are tested. The meters were generally easy to use, except for the SPAD meter on carrots. The meters have potential for N management of vegetable crops under Ontario growing conditions. E ffi cient use of nitrogen has become increasingly important for both environmental and economic aspects of crop production. Chlorophyll and nitrate (NO 3 -) meters have the potential to provide a rapid in-fi eld determination of crop nitrogen (N) status that could be used to improve N use in the fi eld. While many studies have reported correlations between meter readings and laboratory results, there has been little information on the practical use of these meters in these vegetable crops. Previously, we reported a correlation between meter readings and laboratory tissue total N and NO 3 -N analyses for both meters at selected growth stages for onions, carrots, and cabbage (Westerveld et al., 2003a) . However, we have not focussed on use of these meters in the fi eld and their potential as N-monitoring tools for these vegetable crops.
In-fi eld electrode technology such as the Cardy NO 3 -(Horiba Co., Kyoto, Japan) meter can provide both accurate and timely N status information for a crop through direct measurement of the NO 3 -N concentration of xylem sap. The Cardy NO 3 -meter can be used with undiluted plant sap (Rosen et al., 1996) , which allows the user to test NO 3 -sap levels directly in the fi eld. Generally, petiole or midrib sap is used as the sap source in most crops because NO 3 -concentrations in the plant are often highest in these parts due to NO 3 -transport through the xylem (Maynard and Barker, 1972) . Onion roots are used because of the
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stable NO 3 -concentrations in the root xylem (Sullivan, 1986) .
The Cardy NO 3 -meter has been used successfully for sap analysis in many crops (Delgado and Follett, 1998; Hartz et al., 1993; Warncke, 1996; Westcott et al., 1993) . Meter readings were correlated with dry matter NO 3 -determinations in broccoli (Brassica oleracea var. italica) (Hartz et al., 1993; Kubota et al., 1997) and cauliflower (Brassica oleracea var. botrytis) (Kubota et al., 1996) . Cardy NO 3 -N readings were shown to be highly correlated with laboratory results in many growth stages for cabbage, onions, and carrots in our previous study (Westerveld et al., 2003a) . However, Cardy meter readings have not been evaluated to determine their best possible use for N management of the crops.
Problems with the use of the Cardy NO 3 -meter for the determination of crop N suffi ciency have been reported in corn (Zea mays), wheat (Triticum aestivum), and barley (Hordeum vulgare) due to aging of the sampled material and variability among sites (Geypens and Vandendriessche, 1996; Hartz et al., 1993) . Sap NO 3 -N levels in the fi eld are also highly variable on a day-to-day basis (Coltman, 1988) .
A rapid procedure for an evaluation of the chlorophyll content of individual leaves is possible using the Minolta SPAD-502 chlorophyll meter (Minolta Camera Co., Ramsey, N.J.). While individual SPAD measurements can be affected by diseases and nutrient disorders, readings require only a few seconds to perform, and as a result many leaves can be assessed in a short period of time. SPAD chlorophyll meter readings have been correlated with tissue total N concentrations in many grasses (Poaceae) (Blackmer and Schepers, 1994; Dwyer et al., 1991; Follett et al., 1992; Reeves et al., 1993; Rodriguez and Miller, 2000; Turner and Jund, 1991) . In addition, chlorophyll levels have been correlated with total N concentrations in cotton (Gossypium hirsutum) (Wood et al., 1992) , eggplant (Solanum melongena) (LopezCantarero et al., 1994) , and apples (Malus ×domestica) (Neilsen et al., 1995) .
A poor correlation between SPAD meter readings and laboratory results for carrots and onions was shown in our previous study (Westerveld et al., 2003a) . However, the reason for the lack of correlation could be attributed to a plateau in SPAD readings at high N rates without a corresponding plateau in tissue N concentrations due to luxury N consumption. For cabbage, there was a good correlation between SPAD meter readings and laboratory results when suffi cient readings were taken (Westerveld et al., 2003a) . However, the potential use of the SPAD meter for scheduling fertilizer application has not been extensively tested.
Problems with the SPAD meter have also been reported. Considerable replication was necessary to show treatment differences in corn plants (Dwyer et al., 1991) . In wheat and st. augustinegrass (Stenotaphrum secondatum), chlorophyll measurements were not well correlated with total N concentrations (Reeves et al., 1993; Rodriguez and Miller, 2000) . In tomatoes (Lycopersicon esculentum), SPAD chlorophyll readings were af- fected by cultivar (Sandoval-Villa et al., 2000) .
The objective of this study was to assess the potential of the SPAD chlorophyll and Cardy NO 3 -meters as a tissue N test for onions, carrots, and cabbage based on their cost, ease of use, time required for an adequate test, ability to assist in the scheduling of fertilization N applications, and the use of critical meter readings as an indicator of N suffi ciency. Cabbage, carrots, and onions were grown on mineral soil at the University of Guelph-Simcoe Campus (lat. (2001) in three row plots, with row spacing of 35 cm (13.8 inches), 7 m in length, and with three guard rows between plots. Total yield was assessed on 6 Nov. (2000) and 24 Oct. (2001) by hand-harvesting a 2-m (6.6-ft) section of each row. The mineral soil (pH 5.8 to 7.0), a Typic Hapludalf, had organic matter content between 0.5% and 1.5%.
Materials and methods

Carrots
Nitrogen treatments are summarized in Table 1 . Nitrogen rates were based on the current provincial recommendations for each crop and soil type (Ontario Ministry of Agriculture, Food, and Rural Affairs, 2000) . In one treatment for all crops and both soil types, 50% of the recommended rate of N was applied preplant and 40-kg·ha -1 sidedresses were applied when Minolta SPAD-502 chlorophyll meter readings fell below 95% (2000) and 97% (2001) of the highest N rate treatment (Table  1 ). The 95% threshold was based on guidelines provided with the meter, and this was adjusted to 97% in 2001 in order to detect defi ciencies before a loss in yield potential occurred. In all plots N was broadcast by hand using calcium ammonium nitrate preplant and potassium nitrate for sidedress applications.
A Horiba Cardy NO 3 -meter was used to assess the NO 3 -N concentration of sap, and a Minolta SPAD-502 chlorophyll meter was used to assess overall tissue N status. Meter readings were taken from plants that were sampled at the cupping, early heading, and mature growth stages for cabbage, early (49 to 69 d after seeding), midseason (71 to 98 d after seeding), and late (97 to 126 d after seeding) growth stages for carrots (only early and midseason stage on organic soil in 2000), and the fi ve-leaf, early bulbing, and mature growth stages for onions. On cabbage, Cardy meter NO 3 -N readings were taken from sap extracted from the midrib of one recently mature leaf using a garlic press. Cardy meter NO 3 -N readings were taken from sap extracted from three to fi ve petioles of recently mature leaves of carrots. Each petiole was taken from a separate plant. Cardy meter NO 3 -N readings in onions were taken from sap extracted from the harvestable roots of a single plant. (Maynard and Kalra, 1993) .
All plots were arranged as a randomized complete block design with four replications. Statistical analysis of the data was conducted using the GLM and Univariate procedure of SAS Version 8.0 (SAS Institute, Cary, N.C.), and the linear models section of Statistix V.4.1. A type I error rate of 0.05 or less was considered to be statistically signifi cant in all statistical tests.
Results and discussion
FERTILIZER SCHEDULING WITH THE SPAD METER. Testing of the SPAD chlorophyll meter using a well-fertilized reference plot was problematic in many cases because of a lack of yield differences among the N rates tested in most plots ( Table 2 ). The only plot in which nitrogen affected yield was in cabbage in 2000 where yield increased up to 155% of the recommended rate (Table 2) . However, in both years, cabbage maturity was delayed up to 3 weeks by N rates at or below the recommended rate, suggesting a N defi ciency occurred in both years (Westerveld et al., 2003b) . In all organic soil plots and for carrots in 2001 on mineral soil, the SPAD meter was effective in preventing excess N application. In addition, the SPAD meter effectively detected a N defi ciency for cabbage in both years, but sidedress applications based on the meter readings were too late to recover full yield potential. For onions on mineral soil in both years and carrots on mineral soil in 2000, the SPAD meter detected a N defi ciency and sidedress N was applied when no N defi ciency was present as indicated by a lack of differences in yield. In 2000, for both crops, the N defi ciencies detected by the SPAD meter occurred after 23 Aug. (Table 1) , which suggests that meter reading comparisons with the well-fertilized reference plot and fertilizer applications should not occur later than 70 d after seeding for both crops. Therefore, although yield differences were minimal in these plots, the SPAD meter and a well-fertilized reference plot successfully detected N defi ciency or N suffi ciency in most cases, but the thresholds used and the amount and timing of fertilizer sidedresses applied may have to be adjusted. SPAD CHLOROPHYLL METER READ-INGS. SPAD chlorophyll readings generally increased as plant age increased in cabbage and to a lesser extent in 'Winner' spanish onions (Tables 3 and  4) . Unlike in grain crops, it was not possible to test the same mature leaf consistently because mature leaves of all three crops senesce during the growing season. Consequently, as the readings shifted to newer mature leaves, the readings increased as the leaves became larger and thicker. This effect was not evident for carrots and 'Hamlet' yellow cooking onions (Tables 4 and 5 ). SPAD readings also appear to be affected by soil type and disease pressures. In 2001, when 'Idaho' carrots were grown on both soil types, readings generally were similar between the two soil types in all three sampling stages, but tissue total N concentrations were higher on organic soil in most cases (Table  5) . Consequently, readings did not accurately refl ect the nitrogen status in at least one of the two sites. One explanation could be that chlorophyll levels plateau at nitrogen levels above what is needed for optimal crop growth, since suffi cient N was apparently present in both crops. The differences in carrots between soil types might also have been affected by growth stage. Due to a lack of defi ned carrot growth stages, carrots were sampled at three times during the growing season based on plant size and days after seeding. However, differences between sites and years in climate and soil conditions caused variability in the rate of development of the plant. Even at similar days after seeding, the carrots may have been at completely different development phases and tissue N concentrations. A lack of agreement of SPAD readings was also evident in cabbage and onions at maturity, which was also a less defi ned growth stage (Tables 3 and 4) .
Differences in cultivar were also observed. Spanish onions on mineral soil had consistently higher SPAD values at all growth stages than yellow cooking onions on organic soil (Table  4 ). The differences were mainly due to thicker leaves of spanish onions compared to yellow cooking onions. However, we are unable to separate the effect of cultivar from the effect of soil type. A downy mildew (Peronospora destructor) outbreak on onions at maturity in 2000 on organic soil also signifi cantly reduced SPAD values to below the 2001 readings even though total N concentrations were higher in 2000 (Table 4 ). Thus, any additional pest stresses on the plants also affect meter readings, causing problems for comparison of readings within or across years or sites. It was not possible to determine critical SPAD readings that could be consistently used for N management of cabbage, onions, or carrots. Although the conditions under which we tested the SPAD meter for scheduling fertilizer application were not ideal, there appears to be potential for scheduling sidedress N using a well-fertilized reference plot. The effects of cultivar, soil type, climate, and plant stresses can all be reduced as potential complicating factors under this system. For effective use of a well-fertilized reference plot, SPAD readings have to reach a plateau in adequately fertilized crops.
The quadratic relationship in SPAD values among the N rates tested, as well as a nonsignifi cant relationship, that occurred in most cases suggest a plateau in readings occurred in these plots (Tables 3, 4 , and 5). Although no N defi ciency was observed in most of the plots, leaf SPAD readings were lower in the no N treatments than the high N treatments in about one third of the cases (Tables 3, 4 , and 5). This suggests the plateau in SPAD readings was above the rates necessary to maximize yield. This could cause over-application of N if application was based on comparison to a well-fertilized reference plot, because adequately fertilized plants could be determined to be defi cient in N in some instances. In most other instances, signifi cant fertilizer savings are possible through the reduction in preplant applications, but suitable procedures for the scheduling of fertilizer applications based on SPAD readings need to be established.
CARDY METER NO 3 -N READINGS. NO 3 -N concentrations as determined by the Cardy meter were highly variable among soil types, years, and growth stages (Tables 6, 7 , and 8). Generally, NO 3 -N concentrations in the sap decreased during the growing season (Tables 6, 7 , and 8) and increased with increasing N rate beyond the level of N suffi ciency. NO 3 -N concentrations were often higher on mineral soil than on organic soil for onions and carrots in 2000, but the opposite was true in y SPAD value = Minolta SPAD-502 chlorophyll meter reading; tissue total N = percent tissue total N content on a dry weight basis as determined by a laboratory.
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2001. These differences are probably the result of rapid N availability from fertilizer on mineral soil in 2000 due to above average rainfall, and poor N availability on mineral soil in 2001 due to minimal rainfall and soil moisture. In addition, NO 3 -N readings were often different at the same growth stages between the two years (Tables 6, 7, and 8) . This was probably due to lower rainfall and higher temperatures in 2001 than in 2000, which would have altered the N availability in the soil. Given the variability in readings among growth stages, soil types, and cultivars, it would be diffi cult to establish general critical Cardy NO 3 -N readings that would be effective for N management in all situations. However, region-specifi c critical Cardy NO 3 -N readings appear to have potential for N management of these crops. There is agreement in the readings within the same growth stage for all crops between the two years. Based on the data from these plots, the critical Cardy NO 3 -N readings for cabbage are in the range of 2600 mg·kg -1 (ppm) for the cupping stage and 800 mg·kg -1 for heading and maturity, because cabbage readings below these values corresponded with either lower yield or delayed maturity compared to cabbage with Cardy NO 3 -N readings above these values. Critical concentrations for onions would have to be specifi ed for Spanish and yellow cooking cultivars. The critical Cardy NO 3 -N readings are at or below 100, 80, and 60 mg·kg -1 for spanish onions at the fi ve-leaf, bulbing, and mature stages, respectively, and at or below 150 mg·kg -1 for yellow cooking onions at all three growth stages. Critical Cardy NO 3 -N readings for carrots are at or below 300, 100, and 80 mg·kg -1 for the early, midseason, and late growth stages, respectively. However, since there was no yield response to increasing N rates in onions and carrots, it is diffi cult to establish precise critical Cardy NO 3 -N readings, Scheduling N application using a well-fertilized reference plot would not be practical with the Cardy NO 3 -meter. Nitrate-N concentrations in the sap increased linearly with N rate in most cases, even when there appeared to be N suffi ciency based on yield results. Consequently, it would not be possible to determine whether the reference plot had suffi cient or excessive N under this system.
The use of the Cardy NO 3 -meter should be as practical as laboratory testing, as long as suitable procedures for its use are established. However, problems with the use of laboratory NO 3 -N testing and critical NO 3 -N concentrations have also been recently shown for these vegetable crops (Westerveld et al., 2003c) , and the recommendation after this study was that critical tissue NO 3 -N concentrations should be established for regional conditions. Consequently, it appears that the use of tissue NO 3 -N concentrations for N management, regardless of the method of testing, requires region-specifi c critical concentrations.
METER USE. In general, the SPAD chlorophyll meter was easy to use. However, specifi c problems with the leaf and canopy structure of the crops interfered with accurate testing. For cabbage, leaf veins that were within the sensing area caused low readings. However, the affected readings were easy to detect and correct. As the plants reached maturity, readings were often above 50 SPAD units, which are considered to be slightly less accurate based on the meter specifi cations.
Due to the tube shaped onion leaves, light transmittance through the interior of the leaf could result in excess light entering the sensing area, and a failure of the meter to register a reading. It was possible to attain readings through protection of the sensing area from direct sunlight. Due to the thickness of the leaves at maturity, readings were above 50 SPAD units in most cases, especially for spanish onions, resulting in slightly reduced accuracy. Sap which exuded from the pressed leaves often accumulated on the meter, necessitating more frequent meter cleaning.
Carrot leaf chlorophyll content was very diffi cult to assess using the SPAD chlorophyll meter. Carrot leaves are fi nely dissected, and similar in width to the sensing area of the meter. While an accurate reading was possible, it was diffi cult to determine whether the sensing area was properly placed over the leaf. Consequently, meter readings could be lower than the actual chlorophyll levels of the leaf. It was diffi cult to determine which readings were not accurate in order to correct them. Leaf veins in the center of the leaf also altered readings. A much greater number of readings would be required to reduce this variability and attain accurate readings. Carrot leaf readings, when properly assessed, were often below 50 SPAD units, resulting in more accurate SPAD values.
Sap analysis with the Cardy NO 3 -meter was possible without any major problems. However, the lifespan of the replaceable sensor was reduced when carrot sap was tested. Residual NO 3 -N gradually accumulated on the sensing area after repeated carrot sap testing. This reduced the lifespan of the sensor by approximately 100 readings and increased the time required to clean the sensor between readings. TIME REQUIREMENTS. SPAD chlorophyll meter results can be available in less than 1 h as opposed to the several days it can take for laboratory results to come back. An accurate analysis of the cabbage and onion crops required the use of 40 readings per treatment. The time required for the test was around 5 min for cabbage and 10 min for onions.
The use of the Cardy NO 3 -meter for sap analysis was more time consuming than the SPAD meter. A suitable analysis of a treatment or site required 16 readings. The time required for these readings ranged from 20 min for cabbage to 30 min for onions and carrots.
COST. Compared with laboratory tissue analysis, the Cardy NO 3 -and SPAD chlorophyll meters have a high initial cost ( Table 9 ). The SPAD chlorophyll meter is more expensive than the Cardy NO 3 -meter, but has no additional costs. The Cardy NO 3 -meter requires replacement of the sensor periodically. However, the cost of the Cardy NO 3 -meter would not exceed the cost of the SPAD meter until about 2000 samples were tested. In relation to laboratory analysis, both meters become more cost effective as the number of samples increases. After 500 samples, approximately the number of tests required to adequately manage two or three fi elds for about 5 years, the cost of laboratory analysis would greatly exceed the cost of both meters (Table 9 ).
Conclusions
The SPAD chlorophyll meter has potential for N management of cabbage and onions as long as procedures for scheduling fertilizer applications can be established. Chlorophyll testing with the meter is both cost effective in the long term and far more rapid than laboratory testing. The meter is less effective for carrots due to incompatibility with the leaf structure of the carrot crop. The most appropriate use of the SPAD chlorophyll meter under local conditions and in vegetable crops appears to be the use of a well-fertilized reference plot. A well-fertilized reference plot can reduce the numerous sources of variability that make reading comparison among soil types, cultivars, and locations diffi cult.
The Cardy NO 3 -meter has potential for crop N analysis of all three vegetable crops. It is cost-effective when more than 500 samples are tested, and more rapid than laboratory analysis. Use of a well-fertilized reference plot would be diffi cult with the Cardy NO 3 -meter because readings appear to increase beyond suffi cient levels due Sensors replaced every 200 samples tested (every 100 samples tested for carrots).
x Per sample cost for total nitrogen and nitrate-nitrogen analysis only.
